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Reactive epitaxy of Co on vicinal Si111 surfaces is found to be a flexible and a convenient method
for the preparation of dense arrays of Co silicide quantum dots. In the present work, submonolayer
amounts of Co were deposited at 800 K on vicinal and flat Si surfaces, analyzing the resulting
structures by scanning tunneling microscopy. On vicinal Si111 surfaces with relatively narrow
40–100 Å terrace width, such reactive epitaxy leads to self-assembled arrays of CoSi2 quantum
dots with a sharp size distribution function. In contrast, the growth of Co on flat Si111 results in
an inhomogeneous array of dots mixed with a variety of silicide phases. © 2007 American Institute
of Physics. DOI: 10.1063/1.2828036
Self-assembly is revealed as the straightforward alterna-
tive to obtain ordered arrays of nanoscale units for nanotech-
nology applications. In this context, the vicinal surface ap-
proach appears as ideal for the preparation and tailoring of
self-assembled epitaxial nanostructures. Ordered arrays of
nanodots or nanowires have been already successfully de-
signed using metallic or semiconducting vicinal surfaces as
substrates. Remarkable is the growth of metallic dots of Ag
Ref. 1 or Co Ref. 2 on vicinal Au111, the latter exhib-
iting magnetic behavior. Concerning the preparation of nano-
wires, interesting avenues have been already explored toward
lateral nanostructuration of rare earth silicides, such as Gd,
Yb, or Dy silicides, on vicinal silicon.3–5 In contrast, very
little has been investigated on the epitaxy and self-
organization of laterally nanostructured transition metal
TM silicide structures, despite their technological
importance.
TMs are known to react strongly with silicon producing
silicides that in most of the cases render intermetallic com-
pounds, which are good electrical conductors with resistivity
comparable to metals. The good conductivity and chemical
stability of TMs have motivated their implementation in sili-
con integrated circuits, with applications as low resistivity
interconnects or contacts. Among the wide variety of TMs
compounds, Co disilicides are particularly attractive. They
exhibit thermal stability to temperatures as high as 1200 K,
sharp interface, and low contact resistance with silicon, lead-
ing to stable and reliable Schottky or Ohmic contacts.6 In this
work, we study the reactive epitaxy RE of Co on vicinal
Si111 surfaces by deposition of low amounts of Co in the
submonolayer range. RE of Co on Si involves strongly exo-
thermic reactions of both materials and radical rearrange-
ments of Co and Si atoms.7 In the submonolayer coverage
regime, such reactive growth results in a rich phase diagram
of Co /Si111 with a variety of superlattice reconstructions
and stoichiometries that can coexist. In this work, we show
that the growth of CoSi2 can be improved with the use of
stepped surfaces, since these filter out undesired silicide
phases during RE at low temperature. The use of stepped
Si111 as a template to nucleate disilicide nanoislands was
already tested using surfaces with terrace sizes varying from
250 to 700 Å and solid phase epitaxy.8 It has been claimed
that terraces in the 250–400 Å range have an adverse effect
on the adatom diffusion, acting against shape transition and
formation of flattop silicide islands. In contrast to this con-
clusion, here we demonstrate that the stabilization of flattop
CoSi2 nanoislands with controllable size and density can be
actually achieved during RE of Co and using vicinal Si111
surfaces with relatively narrow 40–100 Å terraces.
Experiments have been carried out in situ in an ultrahigh
vacuum system with a base pressure of 710−11 mbar. The
analysis chamber is equipped with an Omicron variable tem-
perature scanning tunnel microscope STM and low-energy
electron diffraction LEED optics. Flat and vicinal Si111
surfaces with 4.6° of miscut were used as substrates.
Samples were prepared by a thorough degassing at 800 K for
several hours in vacuum followed by heating a few times to
around 1500 K. Flashes were limited to 10 s in order to pre-
vent the pressure to reach values higher than
610−10 mbar. The samples were then rapidly cooled to
1220 K and then slowly down to 1000 K. A final annealing
cycle at 1000 K for 10 min improved the surface quality.
LEED and STM measurements were routinely carried out
after this process. Flat surfaces were characterized by few-
micron-size terraces with the 77 reconstruction, whereas
stepped surfaces revealed terraces fully 77 reconstructed
with steps that could be both bilayer 0.31 nm or three-
bilayer 0.93 nm high. Therefore, the terrace width was
found to vary between 40 and 100 Å. Co was evaporated in
submonolayer ranges 0.2–0.4 ML at a substrate tempera-aElectronic mail: lauraisabel.fernandez@ehu.es.
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ture of 800 K with deposition rates varying from
0.2 to 0.3 ML /min. After deposition, the samples were im-
mediately cooled down to 300 K for measurements.
Figure 1a shows the early growth stage of Co on vici-
nal Si111 and Fig. 1b schematically summarizes the STM
observations. The deposition of 0.2 ML leads to the forma-
tion of two-dimensional triangular islands that grow from the
upper step edge and inside the terrace. They are 2 Å high
and exhibit atomically flattops with a 22 surface recon-
struction, which is a characteristic of CoSi2 clusters grown
during reactive epitaxy.9 The inset of Fig. 1a reveals the
way the disilicide quantum dots begin to nucleate. They pre-
fer the half unit cell HUC of the Si111-77 that is
closer to the step edge, adopting the threefold symmetry of
the Si111-77 island 1. Furthermore, there is a prefer-
ential nucleation on unfaulted HUCs, as observed during the
homoepitaxy of Si on Si111.10 The island marked as 2
shows that these grow laterally by extending to neighboring
HUCs of the Si111-77, although they keep their trian-
gular shape. Additionally, a different silicide phase, namely,
the Co ring cluster Co RC phase, is detected at the same
terrace level. RCs are known to be formed in all TMs. With
Co, they appear at very low coverage saturating the surface
above 0.12/0.14 ML with a characteristic 77
superstructure.11 Both islands and Co RCs are the only sili-
cide structures found on this sample. The rest of the surface
exhibits clean Si111-77 patches that appear at a differ-
ent level and close to the lower side of the step.
A denser array of Co silicide quantum dots
810−4 nm−2 is formed by increasing the Co coverage to
0.4 ML, as shown in Fig. 2a. In the close view of Fig. 2b,
we note the change in size and island geometry with respect
to the early nucleation stage of 0.2 ML. In the 0.4 ML array,
the islands present diameters of around 15 nm, often show-
ing growth over several steps. They are 2 nm height and
have flat tops and 22 surface reconstruction, namely, the
characteristic CoSi2 features. In Fig. 2c, we analyze the
island size distribution shown in Fig. 2a by considering
their perimeter.12 The island perimeter distribution can be
fitted to a Gaussian function with maximum centered at
57 nm and standard deviation of 10 nm. A two-dimensional
fast Fourier transformation of Fig. 2a results in well de-
fined ellipses. From the ellipse radii, one can estimate two
typical periodicities within the array, either perpendicular
38.5 nm or parallel 72.5 nm to the surface steps. The per-
pendicular periodicity corresponds to the average distance
between steps in the clean substrate, suggesting that terrace
size miscut angle can be used to tune the island density at
least in one direction. By comparing Figs. 1 and 2, one can
observe that the preferred island shape evolves from triangu-
lar to hexagonal. The equilibrium shape of the islands is thus
closer to the hexagon, i.e., a compact structure that mini-
mizes the island energy while maintaining the original three-
fold symmetry of the Si111-77 surface. Nonetheless, a
careful analysis of Fig. 2b reveals that, as depicted in Fig.
1b, island edges are always contiguous to HUCs of the
Si111-77, which thereby delimit the island boundaries
also for hexagonal clusters. On the other hand, variation of
deposition parameters leads to changes in size and density in
the array of quantum dots. Smaller islands but a denser net-
work have been obtained with 1 ML coverage at a
0.3 ML /min deposition rate, as shown in Fig. 3. In this case,
the density of flattop, CoSi2 islands reach the maximum of
310−3 nm−2, namely, 2 Tbit / inch2.
High surface densities of CoSi2 quantum dots cannot be
obtained on flat substrates at the same temperature. Figure
4a corresponds to the maximum density of 810−4 nm−2
that can be achieved by varying the growth conditions. Ad-
ditionally, RE on flat surfaces is characterized by the pres-
ence of a variety of silicide structures, as indicated in Fig.
4b. Such structures have been analyzed in detail in Ref. 13.
Surrounding the CoSi2 quantum dots, we find Co RCs and
clean 77 patches. However, we also observe a prominent
presence of island structures that protrude 4 Å with respect
to the flat region, exhibiting flattops with 11 flattop recon-
struction and characteristic buckling, as well as 1313
reconstructed areas. These two are surface silicide structures
with varying Co concentration that are not found during
growth on the vicinal surface. The presence of such surface
phases points to a less efficient nucleation and growth of
CoSi2 in flat Si111, as compared to the vicinal surface.
FIG. 1. Color online Growth of 0.2 ML of Co on vicinal Si111 surface.
a Empty-state STM topography image Vtip is +2.1 V that discloses trian-
gular CoSi2 islands and Co RCs on the step terraces. There are clean
Si111-77 patches that appear at a different level. The inset reveals the
flattop of the CoSi2 islands that exhibit a 22 surface reconstruction. b
Schematic description of the early growth stage of Co that show the nucle-
ation position of the islands and Co RCs which starts to nucleate at the
upper side of the step, on the half unit cell of the Si111-77. Co RCs
would nucleate around the islands, saturating the terrace in the proximity of
the step edge. The uncoved parts of the surface maintain the Si111-7
7 surface reconstruction up to the lower step edge.
FIG. 2. Color online Growth of 0.4 ML of Co on vicinal Si111 at
0.2 ML /min rate. a Empty-state STM topography image Vtip is +2.1 V
that exhibits a dense array of nanodots over an extended area of the sample.
b Detailed image of a single island with a hexagonlike geometry with its
edges limited by several HUCs of the Si111-77. The flattop and 2
2 surface reconstruction are visible. c Island perimeter distribution that
follows a Gaussian function with a maximum centerd in 57 nm and a de-
viation of around 10 nm.
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Characteristic properties of vicinal surfaces, such as the
highly anisotropic diffusion 4–5 times higher diffusion bar-
riers at steps14 or the discontinuity of the stress field at steps,
generally force a high aspect ratio, and hence limit the gen-
eration of homogeneous and symmetric islands.15 These
could be limiting factors in the growth of CoSi2 quantum
dots on vicinal surfaces with terraces beyond 250 Å,8 but not
in terraces below 100 Å. In the latter, faster kinetics due to
the presence of abundant reactives could lead to a more ef-
ficient CoSi2 epitaxy. In fact, step edges are reservoirs of the
two-dimensional Si adatom gas, and hence the density of
free Si atoms on the surface grows linearly with the step
density.16 Therefore, during deposition by RE, a higher
amount of silicon would be available in the immediate vicin-
ity of the steps, compared to the center of the terraces. The
enhanced kinetics would explain the absence of less stable
surface silicide phases, such as the 11 islands or the
1313 structure, which are indeed observed in flat
Si111.
In conclusion, we have shown that dense self-assembled
metallic CoSi2 quantum dot arrays can be grown at relatively
low substrate temperatures by RE using a vicinal surface as
substrate. The islands are found to grow laterally following
the Si111-77 reconstruction and maintaining the three-
fold symmetry of the substrate surface. A direct comparison
with Co deposition on flat Si111 reveals the essential role
of the steps to enhance the kinetics of the reactive growth
process, making it possible to achieve a high density of ho-
mogeneous, crystalline CoSi2 islands, while eliminating
other undesirable silicide species. The excellent conductive
properties of CoSi2 make these metallic quantum dot arrays
particularly attractive for nanodevices, such as nanocontacts
in molecular electronics.
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FIG. 3. Color online Empty-state STM topography image Vtip is +2 V
corresponding to the growth of 1 ML of Co on the vicinal Si111 surface at
0.3 ML /min deposition rate.
FIG. 4. Color online Cobalt silicide surface structures found on flat
Si111 after 0.4 ML deposition of Co. a Empty-state STM topography
image Vtip is +2.1 V showing complex surface structures with a low den-
sity of CoSi2 clusters bright features. Islands with other geometries and Co
concentration coexist. b Enlarged STM current image Vtip is +2.1 V from
a. Higher CoSi2 islands show 22 surface reconstructions, and appear
together with other silicide species, namely, with lower height, 11 recon-
structed islands, Co RCs, and 1313 patches.
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